Abstract: This study examined the effects of the Sn content in a pure active metal filler Ag-Cu-Ti for the brazing of a Cu/ Al 2 O 3 joint. The optimal content of Sn to effectively wet alumina was 5 wt%. The microstructure of the brazed joint showed the presence of an Ag-rich matrix and a Cu-rich phase, and CuTi intermetallic compounds were observed along the bonded interface. The intermetallic compounds (IMCs) in the filler are found to increase when the Sn content in the alloy approaches to 10 wt%. These results suggest an extremely significant bonding strength of Cu/Al 2 O 3 joint using the Ag-Cu-Ti+Sn filler. The shear strength of the brazed joint increased with Sn content up to 5 wt%, reaching a maximum at ≈15 MPa. In addition, the strength decreased when the Sn content was higher than 5 wt%.
INTRODUCTION
Alumina is the choice of material for range of structural and functional applications because of its attractive properties, such as higher strength, higher fracture toughness and hardness, good high temperature properties, and low dielectric constant [1] [2] [3] [4] . In various practical applications, alumina needs to be joined with metals or ceramics in complex geometry equipment, e.g., in automotive and electronics, Cu/Al 2 O 3 contacts in relay devices, micro-electro-mechanical systems (MEMS), aerospace and thermoelectric power generation, and other areas [4] [5] [6] [7] [8] [9] [10] . On the other hand, ceramics are chemically inert owing to their strong covalent bonding, and are not usually wetted by most traditional brazing fillers [11] . Active elements, such as Ti, Zr or Nb, are added to the silver-based alloys to improve the wettability [12] . If, however, more amount of Ti is present, wetting can be improved up to a critical temperature (> 800 o C), and then it may react with the ceramic materials above that critical temperature [13, 14] . Therefore, increasing the amount of active elements, such as Ti is not good for a robust joint.
The wettability of the substrates is very important for the proper selection of filler alloy in micro-joining but not at the cost of joint strength due to uncontrolled IMCs [15] [16] [17] [18] . In addition, the coefficient of thermal expansion (CTE) is a serious concern in ceramic-metal joining, which builds up significant residual stresses at the interface. In addition, the chemical compositions of the contact components and their performance at working temperatures also contribute [12] . Active metal brazing is also attractive in dental research for joining ZrO 2 crowns to Ti-based abutment-implant systems, which is not possible using conventional fusion welding techniques [19, 20] . For ceramic-metal combinations, various brazing alloys, such as Ag-Cu, Ag-Cu-Ti, Cu-Sn-Ti, Cu-Ni-Ti, etc., have been investigated [19] [20] [21] [22] [23] . Recently, the use of composite fillers, such as Ag-Cu-Ti-SiC and Ag-Cu-Ti-TiX, to braze ceramicmetal joints have also been attempted [24, 25] . On the other hand, the segregation of ceramic nanomaterials in composite fillers a serious issue that cannot be tolerated. Among these, the most popular one is Ag-CuTi because its excellent fluidity and wetting can be 
MATERIALS and METHODS

Materials and methods
The substrate materials were copper and alumina (purity >92%). 
Brazing filler preparation
Four different types of active braze alloys with different Sn contents were used in the experiment, as shown in Table 2 .
To prepare the filler metal, Ag, Cu, Sn, and Ti powders at the selected compositions were taken and 
Brazing Joint preparation
The samples (Al 2 O 3 ) and Cu were brazed in a direct face to face joint geometry, as shown in Fig. 1 .
Before brazing, the contact surfaces were finely polished and cleaned with ethanol and ultrasonicated for 30 minutes to remove adherent impurities and grease followed by drying in a low-temperature oven.
Brazing was performed in a vacuum furnace under a pressure of 5×10 -6 Torr at 980 o C for a holding time of 30 min. For different samples, brazing was per- 
Microstructural investigation
X-ray diffraction (XRD, Bruker's D8 Discover) was performed for the structural investigations. The microstructure of the bulk filler and joints was observed by field emission scanning electron microscopy (FESEM, Hitachi S-4300). For bonded specimens, the joints were sectioned by a low-speed diamond saw and polished using the metallographic procedures as described earlier.
An etching solution of FeCl 3 , H 2 O, HCl, and C 2 H 5 OH was also used for metallographic examination.
Quantitative compositional analysis was performed by electron probe micro-analysis (EPMA, JEOL JXL-8800M).
Wettability analysis
The contact surfaces (30 mm x 30 mm x 0.3 mm)
were well-polished and cleaned with alcohol and dried. The measurement of spread was accomplished by measuring the spread ratio according to the change in spread shape and geometry: [26] Here, S is the filler spread ratio; H is the height of the filler spread; and D is the diameter of the filler when it is assumed to be a sphere (D = 1.24q
where q is the mass per unit density of the filler. 
Measurement of hardness (bulk filler)
The 
Measurement of tensile shear strength
A joint tensile-shear test was conducted in a face to face bonding geometry, as shown in Fig. 3 . The tests were performed at a crosshead speed of 5 mm/minute using a precision universal testing machine with a 5-ton press (UTM DUT-30000 CM, Dae Kyung Engineering, Korea) according to Ref [27] . The UTS and the strain values were calculated from the tensile shear stress-strain diagrams. 
Wetting
Increasing the Sn content in Ag-Cu-Ti alloy from 0 to 10 wt% resulted in a marked variations in the spreading behavior of the filler on the substrates. Both substrates were used: copper and alumina. Figure 5 shows the measured spreading ratios of the different samples.
The spreading ratio (S) increased until the Sn content reached 5 wt% and then decreased rapidly thereafter. The S of the pure Ag-Cu-Ti was approximately 85% on alumina and 88% on Cu, which reached a maximum at 5 wt% Sn, approaching approximately 89% on alumina and 97% on Cu. The S again decreased for sample C4 (i.e., Sn: 10 wt%) reaching up to 90% on copper but only 65% on alumina. This was attributed to the close association between pure Ag-Cu-Ti and Sn. In other words, when most of the Sn is consumed, the active metal Ti cannot participate in the reactive wetting of alumina [27] . Therefore, the S decreases when the Sn content exceeds 5 wt%, indicating the poor wetting ability of Ag-Cu-Ti fillers. Although the S was considerably smaller on alumina, it decreased slightly on copper substrates. This may be obvious due to the inertness of the ceramic and strong covalent bonding compared to the metallic bonding in metals. Based on these observations, Ag-Cu-Ti-5 wt% Sn showed good performance in the wettability tests on both copper and alumina. (Table 3) due to an increase in Sn/Ti ratio, causing a weakening in the Cu-Ti interaction and forming Ti-Sn, hence poor joining in the C4 sample.
Bonded joint characteristics
Therefore, the bonding strength may degrade due to uneven joining, as confirmed by the wettability measurements. (Fig. 8 ).
Hardness
Shear strength
The maximum shear stress was selected as the bonding strength before fracture occurs. Figure 9a shows the results of the shear strength of the bonded Cu/Al 2 O 3 sample using an active metal filler containing different wt% Sn. In all cases, fracture occurred at the alumina side with the detachment of the alumina layer, as shown in the inset images. The measured bond strength of the samples was 7.5, 5.5, 14.5, and 4 MPa, respectively. Sample C3 showed the maximum shear strength, whereas it was degraded for samples C4, C2, and C1 respectively.
Fracture surface morphology
To examine the fracture mechanism, the fracture surfaces of sample C4 (10 wt%Sn) were analyzed by EPMA, as shown in Fig. 10(a-h) .
From the previous sections, all the samples were fractured in an irregular manner. On the other hand, the filler containing 10 wt%Sn was selected for fracture analysis because it had a poor fracture strength and was found to be suitable for identifying the fracture mechanism. The fracture surface had an uneven surface (Fig. 10a) . The EPMA elemental maps ( Fig. 10b-g ) and EDS (Fig. 10h) revealed the composition of the fractured joint. Based on the compositional analyses, as shown in Fig. 10a , the ). As the bonding interface thickness was lowest in sample C4, the alumina surface was detached easily, even at smaller loads but no fracture was observed near the copper region. This may be due to the increasing Sn/Ti ratio and progressive consumption of the Ti metal simultaneously, which causes the weak diffusion of Cu atoms with Ti of the filler. This was confirmed by the large copper particles in sample C4 and the lowest interface thickness (ref Fig. 6 ).
Therefore, Sn=5 wt% can seal the pores of alumina and achieve an optimal Ti/Sn ratio for the high activity of Ti metal towards joining. 
CONCLUSIONS
